It is shown that the nature of compactification of extra dimensions in theories of large radius compactification can be explored in several processes at the Large Hadron Collider (LHC). Specifically it is shown that the characteristics of the Kaluza-Klein 
Recent analyses of the effects of extra space time dimensions on the Fermi constant and on the precision electro-weak data [1] [2] [3] [4] have led to a lower bound on the scale of the extra dimensions that well exceeds 1 TeV and could be as high as 5 TeV for the case of one extra dimension (d = 1), and the lower bound is even higher for the case d > 1 1 . Given these bounds, it appears very unlikely that the Kaluza-Klein (KK) excitations associated with the Standard Model gauge bosons (γ, W , Z and gluon) can be observed at the upgraded Tevatron. However, the possibility exists that these modes could be directly produced at the Large Hadron Collider (LHC). In this paper we explore this possibility.
There is a long and rich history associated with Kaluza-Klein models 5 . More recently the interest in these models has been revived [6] [7] [8] [9] [10] [1] [2] [3] [4] because there exists the possibility that models with low scale compactifications might arise in string theory, specifically in the context of Type I string and low energy consequences of such scenarios have been investigated. In the analysis below we first consider the Drell-Yan process pp → l + l − + X where the Kaluza-Klein modes of the Z-boson as well as of the photon contribute. Here we find that the production cross section of a charged lepton pair in the d = 1 case is about one order of magnitude larger than that for the sequential Standard Model Z ′ boson with the same mass, and the enhanced cross section allows one to extend the search for the Kaluza-Klein mode significantly. Thus LHC with 100f b −1 luminosity will be able to discover these Kaluza-Klein modes up to M R ≈ 6 TeV. In the analysis we find a phenomenon specific to the Kaluza-Klein models in that the dilepton production cross section for the process pp → l + l − + X as a function of the dilepton invariant mass has a dip just below the resonance peak of the Kaluza-Klein state. The dip arises from a negative interference between the exchange of the photon and for the Z boson and their Kaluza-Klein recurrences. We also study the processes pp → l ± ν l + X and pp → jj + X where the Kaluza-Klein recurrences of the W boson and those of the gluon respectively are involved, and show that they also provide interesting signals for the discovery of Kaluza-Klein excitations.
Another remarkable result seen is that the signatures at the hadron collider can be used to distinguish among different models of compactification. Specifically it is shown that for the case d = 2 one can distinguish via the dileptonic signal not only models with different number of compactified dimensions but also different types of compactifications, such as the Z 2 × Z 2 orbifold model from the Z 3 and Z 6 orbifold models.
The details of the models we consider can be found in Ref. 1 and we discuss here some of its salient features. For the case D=5 (d = 1), the model is described by a Lagrangian whose first few terms are exhibited below
where A M (M=0, 1, 2, 3, 4) is the vector potential in 5 dimensions, D M =∂ M − ig (5) A M is the gauge covariant derivative, and H is the Higgs doublet. The potential V (H) is arranged to allow spontaneous breaking of the electro-weak symmetry which allows the W and Z bosons in 5D to gain electro-weak masses. We make the assumption that the gauge and the Higgs fields lie in the bulk while the quark-lepton generations lie on the 4D wall. We compactify the model on S 1 /Z 2 with a radius of compactification R (and compactification mass scale
) and with the quarks and leptons residing on one of the orbifold points. After compactification the zero modes of the model correspond exactly to the spectrum of the Standard Model (SM). The relative strength of the gauge couplings of the 4D gauge fields and their Kaluza-Klein modes is given by
where A µi are the zero modes and A n µi are the Kaluza-Klein modes. We note that the KaluzaKlein modes couple more strongly by a factor of √ 2 than their zero mode counterparts.
Throughout this paper, we assume that the Kaluza-Klein modes decay only into fermion pairs. In supersymmetric theories, they may also decay into sfermions, which will make the decay width 3/2 times larger. The main results of our analysis, however, will not be significantly affected by the inclusion of these effects.
With these preliminaries we discuss now the main results of the analysis. We consider first the Drell-Yan processes pp → l + l − + X. (The relevant formulae can be found in Ref. 11 ).
In our computations, we used CTEQ5L parton distribution functions 12 . In Fig of 100 f b −1 (5 events for one-generation lepton pair) was found to be 5 TeV. We find that the corresponding reach for the Kaluza-Klein mode will give M R around 6 TeV. We note that this mass region is not yet excluded by the constraint from the electroweak precision data 1-4 .
In Fig. 2 We next consider pp → l ± ν l + X through the exchange of the Kaluza-Klein excitations of the W boson. Plot of the production cross section is given in Fig. 3 as a function of M R for the case d = 1. Compared to the case of the sequential Standard Model W ′ boson exchange which is also shown in Fig. 3 one finds an enhancement of the cross section for the Kaluza-Klein case. Another interesting process concerns the dijet production pp → jj + X (j = t) via the exchange of the gluon and its Kaluza-Klein excitation. * In Fig. 4 a plot of dσ/dm jj is given as a function of the dijet invariant mass m jj . In this process t-channel * It is interesting to mention that the flavor universal coloron model shares similar properties with the KK modes of the gluon 14 .
as well as s-channel exchanges contribute. Further, the resonance widths are much broader than for the dilepton case of Fig. 2 . Because of the combination of these two effects the resonance peaks are not so manifest for this process as is evident from Fig. 4 . However, a signal for the Kaluza-Klein excitations still exists since one finds an excess of the dijet events with large invariant mass when compared to the Standard Model case. This is evident in Fig. 5 where the production cross section of the two jets with invariant mass larger than 1, 3, and 5 TeV is shown and the cross section for the last two cases exceed that of the SM case (corresponding to M R → ∞). Thus we conclude that dijet production is also a promising channel to probe the extra dimensions. We note that all Standard Model gauge bosons have common Kaluza-Klein mass spectra. To illustrate this point we consider the d = 2 case in detail and compare the following models of compactification: (1) a Z 2 × Z 2 orbifold model as above where the compactified space is S 1 /Z 2 × S 1 /Z 2 and the two S 1 are assumed to have the common radius R, and (2) Z 3 and Z 6 compactifications with a two-dimensional torus of periodicity 2πR. The analysis of case (1) is given in Table1 where we list the masses, the multiplicities, and the coupling enhancement of the Kaluza-Klein vector bosons to the boundary fermions relative to their zero modes. The Z 3 and Z 6 orbifold compactifications have an interesting relationship. For the Z 3 orbifold compactification of 2d the mass formula for Kaluza-Klein states is
where m 1 , m 2 take on positive and negative integer values, while for Z 6 orbifold compactification of 2d the analogous mass formula is
Thus one finds that the transposition (m 1 , m 2 ) → (m 1 , −m 2 ) takes one from the Z 3 mass relation to the Z 6 mass relation. In Table 2 we list the masses, the multiplicities, and the coupling enhancement of the first few Kaluza-Klein vector bosons to the boundary fermions relative to the zero modes for the Z 3 and Z 6 case. The analysis of Table 2 shows that for the case of couplings to the boundary fermions the cross sections for the production of Kaluza-Klein states for Z 3 and Z 6 are the same. Thus we shall discuss only Z 3 in detail and similar results hold for the Z 6 compacfication. A comparison of Table 1 and Table 2 shows that the masses of the Kaluza-Klein excitations, their multiplicities and the strength of their couplings to the boundary fermions depend on the nature of compactification. These attributes will manifest in the production cross-section and in the resonance structure of these states at the LHC. An exhibition of this phenomena is given in Fig. 6 where the cross section for the process pp → e + e − + X is given for the case d=1 and for the case d=2 for the two orbifold compactifications, Z 2 × Z 2 and Z 3 where the mass of the first Kaluza-Klein excitation is taken to be 3 TeV for each case. The analysis of Fig. 6 shows that the three cases can be distinguished by a detailed study of the dileptonic cross section as a function of the dilepton invariant mass. We note that a study of this channel can allow one to differentiate the case when the radii of compactification are unequal. In this case the degeneracy of the Kaluza-Klein states (as in case (2) for d=2) will be lifted. However, the pattern of the resonance peaks will be more complex resulting in a richer structure of the dileptonic cross section as a function of the dilepton invariant mass. We thus conclude that a close study of the resonance structure of the Kaluza-Klein states will allow one to determine the dimensionality of the compactified space as well as the detailed nature of compactification. 
In conclusion we have discussed the signatures of the Kaluza-Klein excitations at the LHC associated with extra dimensions with large radius compactifications consistent with the precision electro-weak data. It is shown that the dileptons from the Drell-Yan process pp → l + l − + X exhibit a remarkable dip from an interference and provide an important signal for the discovery of such states up to M R ≈ 6 TeV. It is found that the processes pp → l ± ν l + X and pp → jj + X provide further signals for the observation of Kaluza-Klein modes. We also discussed the d=2 case and showed that the dilepton signal can distinguish between the d=1 and the d=2 cases. Further, for the d=2 case we considered the orbifold compactifications, Z 2 × Z 2 , Z 3 , and Z 6 and found that the Z 2 × Z 2 case can be distinguished orbifolding (dot-dashed) when the mass of the first Kaluza-Klein excitation is taken to be 3 TeV.
